Salmonella pathogenicity islands 1 and 2 (SPI-1 and SPI-2) have essential roles in the pathogenesis of Salmonella enterica. Previously, we reported transcriptional cross talk between SPI-1 and SPI-2 when the SPI-1 regulator HilD induces expression of the SsrA/B two-component system, the central positive regulator of SPI-2, during the growth of Salmonella to late stationary phase in LB rich medium. Here, we further define the mechanism of the HilD-mediated expression of ssrAB. Expression analysis of cat transcriptional fusions containing different regions of ssrAB revealed the presence of negative regulatory sequences located downstream of the ssrAB promoter. In the absence of these negative cis elements, ssrAB was expressed in a HilD-independent manner and was no longer repressed by the global regulator H-NS. Consistently, when the activity of H-NS was inactivated, the expression of ssrAB also became independent of HilD. Furthermore, electrophoretic mobility shift assays showed that both HilD and H-NS bind to the ssrAB region containing the repressing sequences. Moreover, HilD was able to displace H-NS bound to this region, whereas H-NS did not displace HilD. Our results support a model indicating that HilD displaces H-NS from a region downstream of the promoter of ssrAB by binding to sites overlapping or close to those sites bound by H-NS, which leads to the expression of ssrAB. Although the role of HilD as an antagonist of H-NS has been reported before for other genes, this is the first study showing that HilD is able to effectively displace H-NS from the promoter of one of its target genes.
A cquisition of DNA fragments by horizontal transfer and subsequent adaptation of regulatory mechanisms to control the spatiotemporal expression of the newly acquired genes have been pivotal events in the evolution of Salmonella pathogenicity (1, 2) . Salmonella pathogenicity islands 1 and 2 (SPI-1 and SPI-2) are chromosomal regions composed of 39 and 44 genes, respectively, which were acquired at different evolutionary times and have crucial roles in the pathogenesis of Salmonella (2-4). SPI-1 genes are required for Salmonella invasion of the intestinal epithelium, leading to enteritis, whereas SPI-2 genes are needed mainly for Salmonella survival and replication within macrophages and consequent establishment of systemic disease (2) (3) (4) (5) . SPI-2 genes also induce a nonproliferative intracellular lifestyle by restraining growth inside phagocytes and nonphagocytic cells and contribute to the development of intestinal inflammatory and diarrheal disease, as they enhance Salmonella's transepithelial passage, as well as foster growth inside phagocytes present in the lamina propria (6) (7) (8) (9) (10) (11) (12) . In agreement with their pathogenicity roles, SPI-1 genes are expressed when bacteria are in the intestinal lumen or associated with the epithelium or with extruding enterocytes, as well as in a subpopulation of bacteria hyperreplicating in the cytosol of epithelial cells, whereas SPI-2 genes are expressed when bacteria are inside macrophages and also when they are in the intestinal lumen prior to penetrating the intestine, as well as in the lamina propria and in the underlying mucosa (13) (14) (15) (16) (17) (18) . In vitro, the SPI-1 and SPI-2 genes are expressed during early and late stationary phase, respectively, when Salmonella is grown in nutrient-rich media, such as Luria-Bertani (LB) medium (19) (20) (21) (22) . Additionally, the SPI-2 genes, but not the SPI-1 genes, are expressed when Salmonella is grown in acidic minimal media containing low concentrations of phosphate, calcium, and magnesium (16, 20, 22) .
The AraC-like transcriptional regulator HilD, encoded within SPI-1, positively regulates the expression of the SPI-1 genes in a cascade fashion, mainly by directly inducing the expression of hilA, which encodes the master regulator of SPI-1 (2, 5, (23) (24) (25) (26) .
HilD also directly controls the expression of the SPI-1 genes hilD, hilC, and invF, as well as other acquired and ancestral genes located outside SPI-1, such as rtsA, flhDC, siiA, lpxR, ytfK, STM14_1282, and STM14_2342 (2, (25) (26) (27) (28) (29) (30) (31) . Previously, we demonstrated that HilD directly induces the expression of the ssrAB operon, which is located in SPI-2 and codes for the SsrA/B twocomponent system, the central positive regulator of SPI-2, thus establishing a transcriptional cross talk between SPI-1 and SPI-2 (21) . Interestingly, HilD is required for the expression of ssrAB when Salmonella is grown to late stationary phase in LB medium but not when it is grown in minimal media (21) . Instead, when Salmonella is grown in minimal media, the expression of ssrAB and thus the SPI-2 genes is self-regulated by SsrA/B as well as by other regulators, such as the two-component systems OmpR/ EnvZ and PhoP/Q and the MarR-like regulator SlyA (32) (33) (34) (35) (36) (37) (38) . Therefore, in response to distinct growth conditions, at least two different pathways induce the expression of the ssrAB genes in vitro, which may be consistent with the fact that the SPI-2 genes can be expressed in different compartments inside Salmonella hosts (18) .
A myriad of other Salmonella-specific and global regulators have been involved in the expression of the SPI-1 and SPI-2 genes, most of them acting on the expression of hilD, hilA, or ssrAB (2, 5, 25, (38) (39) (40) (41) . H-NS is a constitutively expressed, abundant nucleusassociated protein that represses the expression of both the SPI-1 and SPI-2 genes, as well as many other Salmonella genes, by binding to AT-rich sequences commonly present in acquired DNA (39, 42, 43) . Moreover, H-NS has played an important role in the evolution of Salmonella pathogenicity by preventing uncontrolled expression of genes present in acquired DNA that may be deleterious to bacterial fitness (42) (43) (44) . Therefore, H-NS is considered a genome sentinel (45) . Regulatory proteins have been adapted to counteract H-NS-mediated repression at specific promoters, thereby enabling the regulated expression of newly acquired genes (46, 47) .
Several studies strongly support the idea that HilD induces the expression of hilA and rtsA by counteracting the repression exerted by H-NS on the promoters of these genes (23, 24, 27, 48, 49) . Furthermore, it has been shown that H-NS directly represses ssrAB and that HilD is required for the expression of ssrAB but only if H-NS is present (21, 42, 43, 50) . This suggests that HilD induces the expression of ssrAB also by counteracting H-NS-mediated repression of its promoter. However, how HilD counteracts the H-NS-mediated repression of ssrAB, or even of other target genes, had not yet been determined.
In this work, by combining genetic and biochemical strategies, we determined that H-NS represses the expression of ssrAB by initially binding to sequences located downstream of the promoter of this operon. Furthermore, our results revealed that in the absence of the downstream region bound by H-NS or when H-NS is inactivated, the expression of ssrAB becomes independent of HilD. Moreover, we found that HilD is able to displace H-NS from ssrAB by binding to sites overlapping or close to those sites bound by H-NS, which leads to the expression of ssrAB. Our results elucidate the mechanism by which HilD and H-NS regulate the expression of ssrAB and show for the first time that HilD is able to displace H-NS from one of its target genes.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Bacterial strains used in this work are listed in Table S1 in the supplemental material. Bacterial cultures were grown at 37°C in LB medium containing 1% tryptone, 0.5% yeast agar, and 1% NaCl at pH 7.5 or in N minimal medium (N-MM) containing 5 mM KCl, 7.5 mM (NH 4 ) 2 SO 4 , 0.5 mM K 2 SO 4 , 1 mM KH 2 PO 4 , 100 mM Tris-HCl (pH 7.5), 10 M MgCl 2 , 0.5% glycerol, and 0.1% Casamino Acids. When necessary, media were supplemented with ampicillin (200 g/ml), streptomycin (100 g/ml), tetracycline (10 g/ml), or kanamycin (20 g/ml). Cultures for chloramphenicol acetyltransferase (CAT) assays were performed as we described previously (21, 41) . Culture samples were taken after 10 or 16 h of growth in LB medium or N-MM, respectively, on the basis of our previous work to optimize the expression of SPI-2 genes under these growth conditions (21, 41) .
Construction of plasmids. Plasmids and primers used in this study are listed in Tables S1 and S2 in the supplemental material, respectively. To construct the plasmids containing the ssrAB transcriptional fusions, different segments of the regulatory region of ssrAB were amplified by PCR with the primer pairs SsaBF/SsrBR-S6E, SsrAB-2A/SsrBR-S6E, SsrAB-2B/SsrBR-S6E, SsrAB-55/SsrBR-S6E, SsaBF/SsrABϩ336, SsaBF/ SsrABϩ240, SsaBF/SsrAB-1A, SsaBF/SsrABϩ69, and SsaBF/SsrAB-1B. The PCR products were digested with BglII and SalI restriction enzymes and then cloned into the BamHI and SalI sites of the vector pKK232-8, which carries a promoterless cat gene (Amersham Pharmacia LKB Biotechnology), generating plasmids pssrAB-catϪ302/ϩ478, pssrABcatϪ208, pssrAB-catϪ106, pssrAB-catϪ55, pssrAB-catϩ336, pssrABcatϩ240, pssrAB-catϩ119, pssrAB-catϩ69, and pssrAB-catϩ10, respectively.
CAT assays. The CAT assays and protein quantification to calculate CAT-specific activities were performed as described previously (51) .
Expression and purification of MBP-HilD and H-NS-FH. Maltosebinding protein (MBP)-HilD and H-NS-FLAG-His 6 (H-NS-FH) were expressed in Escherichia coli BL21/DE3 containing pMAL-HilD1 or pBAD-H-NS-FH and purified by using an amylose column or a HiTrap Ni 2ϩ -chelating column, respectively, as described previously (21, 52) . EMSAs. DNA fragments 1A to 1E, which have overlapping ends and, all together, span the region of ssrAB from positions Ϫ302 to ϩ478 (Ϫ302/ϩ478 region), were amplified by PCR with primer pairs SsaBF/ SsrAB-11aR, SsrAB-11bF/SsrAB-11bR, SsrAB-11cF/SsrAB-11cR, SsrAB11dF/SsrAB-11dR, and SsrAB-11eF/SsrBR-6SE, respectively, using plasmid pssrAB-catϪ302/ϩ478 as the template. The DNA fragment containing the regulatory region of sigD, used as a negative control, was amplified by PCR from chromosomal DNA with the primer pair SigD-BHIF/SigD-Rv1 and Salmonella enterica serovar Typhimurium SL1344. PCR products were purified using the QIAquick PCR purification kit (Qiagen). Binding reactions were performed by mixing ϳ100 ng of each PCR product with increasing concentrations of purified MBP-HilD or H-NS-FH in binding buffer containing 10 mM Tris-HCl (pH 8), 50 mM KCl, 1 mM dithiothreitol (DTT), 0.5 mM EDTA, 5% glycerol, and 10 g ml Ϫ1 bovine serum albumin (BSA), in a total volume of 20 l. Protein-DNA binding reaction mixtures were incubated at room temperature for 20 min and then electrophoretically separated in 6% nondenaturing polyacrylamide gels in 0.5ϫ Tris-borate-EDTA buffer at room temperature. For competitive electrophoretic mobility shift assays (EMSAs), we used the DNA fragment containing the Ϫ302/ϩ478 region of ssrAB, which was amplified by PCR with the primer pair SsaBF/SsrBR-S6E. This fragment was first incubated with 0.6 M H-NS-FH or 0.5 M MBP-HilD for 15 min and then incubated with increasing concentrations of MBP-HilD or H-NS-FH, respectively, for an additional 20 min. These protein-DNA binding reaction mixtures were electrophoretically separated in 6% nondenaturing polyacrylamide gels as described above. The DNA fragments were stained with ethidium bromide and visualized with an Alpha-Imager UV transilluminator (Alpha Innotech Corp.).
Western blotting. MBP-HilD or H-NS-FH present in the protein-DNA complexes of the EMSAs were transferred from the polyacrylamide gels to 0.45-m-pore-size nitrocellulose membranes (BioRad), using a semidry transfer apparatus (Bio-Rad). Membranes obtained from separate gels were blocked with 5% nonfat milk and incubated with anti-FLAG M2 (Sigma) or anti-MBP (Sigma) monoclonal antibodies at a 1:1,000 or 1:3,000 dilution, respectively. Horseradish peroxidase-conjugated anti-mouse antibody (Pierce), at a dilution of 1:10,000, was used as the secondary antibody. Bands on the blotted membranes were developed by incubation with the Western Lightning chemiluminescence reagent plus (Perkin-Elmer) and exposed to Kodak X-Omat films.
RESULTS
cis elements required for the regulation of ssrAB by HilD. In a previous study, we showed that HilD is required for the expression of ssrAB; furthermore, we demonstrated that HilD binds to a DNA fragment spanning the region from Ϫ302 to ϩ478 of ssrAB (Ϫ302/ϩ478 region) (21) . To determine whether this region contains all the cis elements required for the HilD-mediated regulation of ssrAB, a transcriptional fusion of the Ϫ302/ϩ478 region to the cat gene was constructed in plasmid pKK232-8, an expression reporter system that we have successfully used in S. Typhimurium (21, 41, 53) . The CAT-specific activity directed by the plasmid carrying this transcriptional fusion, ssrB-catϪ302/ϩ478 ( Fig. 1) , was determined in wild-type (WT) S. Typhimurium strain SL1344 and its derivative ⌬hilD mutant grown in LB medium at 37°C, conditions that favor the HilD-mediated expression of ssrAB (21, 41) . The expression of the ssrB-catϪ302/ϩ478 fusion was reduced in the ⌬hilD mutant but was restored to WT levels in the presence of a plasmid expressing HilD (Fig. 2) , indicating that the Ϫ302/ϩ478 region contains all the cis sequences necessary for the HilD-mediated expression of ssrAB.
To further identify sequences within the Ϫ302/ϩ478 region required for the regulation of ssrAB by HilD, a series of ssrAB-cat fusions carrying different 5= or 3= deletions was constructed ( Fig. 1 ). The 5=-deletion fusions have a common 3= end located at position ϩ478 and are numbered according to the position of their 5= end, whereas the 3=-deletion fusions have a common 5= end located at position Ϫ302 and are numbered according to the position of their 3= end (Fig. 1) . The CAT-specific activity directed by the plasmids carrying these ssrAB-cat transcriptional fusions was determined in the WT S. Typhimurium strain and its derivative ⌬hilD mutant grown in LB medium at 37°C. The ssrAB-catϪ208 and ssrAB-catϪ106 5=-deletion fusions showed an expression pattern similar to that shown by the ssrABcatϪ302/ϩ478 fusion; both showed comparable levels of expression in the WT strain and decreased expression in the ⌬hilD mutant ( Fig. 3A) , indicating that the sequence upstream of position Ϫ106 is not required for the expression of ssrAB under the conditions tested. In contrast, the ssrAB-catϪ55 fusion showed reduced CAT activity in the WT strain with respect to that shown by the ssrAB-catϪ302/ϩ478, ssrAB-catϪ208, and ssrABcatϪ106 fusions; however, its expression was further reduced in the ⌬hilD mutant compared to that in the WT strain (Fig.  3A) . These results indicate that the sequence between positions Ϫ106 and Ϫ55 has a positive regulatory role for the expression of ssrAB but that it is not essential for the HilD-mediated regulation of this operon.
The ssrAB-catϩ336 and ssrAB-catϩ240 3=-deletion fusions were similarly expressed in the WT strain, and their expression was reduced 3-and 2-fold, respectively, in the ⌬hilD mutant, whereas the expression of the ssrAB-catϩ119, ssrAB-catϩ69, and ssrAB-catϩ10 fusions was unaffected in the ⌬hilD mutant (Fig. 3B) . Thus, these results indicate that the region between positions ϩ119 and ϩ336 contains negative regulatory sequences that are required to maintain the HilD-mediated regulation of ssrAB. Interestingly, the expression level shown by the ssrAB-catϩ336 fusion was higher than that shown Expression of the ssrAB-catϪ302/ϩ478 transcriptional fusion, carried by plasmid pssrAB-catϪ302/ϩ478, was tested in the WT S. Typhimurium strain and its isogenic ⌬hilD mutant containing the vector pMPM-T3 or the plasmid pT3-HilD1, which expresses HilD, as well as in the ⌬hilD mutant containing the plasmid pT6-HNS-WT or pT6-HNS-Q92am, which express WT H-NS or a dominant negative C-terminally truncated form of H-NS (H-NS Q92am ), respectively, from an arabinose-inducible promoter. CAT-specific activity was determined from samples collected from bacterial cultures grown for 10 h in LB medium at 37°C. Expression of WT H-NS or H-NS Q92am from plasmids pT6-HNS-WT and pT6-HNS-Q92am, respectively, was induced by adding 0.1% L-arabinose to the medium (ϩarabinose). The data are the averages of results of three independent experiments performed in duplicate. Bars represent the standard deviations.
by the ssrAB-catϪ302/ϩ478 fusion ( Fig. 3A and B) , indicating that the region between positions ϩ336 and ϩ478 also contains negative regulatory sequences.
In agreement with our previous results indicating that HilD is required for the expression of SsrB when Salmonella is grown in LB medium but not in minimal media (21) , the absence of HilD did not affect the expression of the ssrAB-cat fusions when the strains were grown in N-MM (Fig. 3C and D) .
Together, these results delimit the region containing the cis elements required for the HilD-mediated regulation of ssrAB, which spans positions Ϫ55 to ϩ240. Additionally, these results indicate that the region between positions ϩ119 and ϩ478 contains negative regulatory sequences and that, in the absence of this region, the expression of ssrAB becomes independent of HilD.
cis elements required for the repression of ssrAB by H-NS. H-NS represses ssrAB as well as many other Salmonella genes (21, 39, 42, 43, 50) . A Salmonella ⌬hns mutant shows severe growth defects and seems to be viable only after acquiring secondary mutations (43, 44) ; however, the effect of H-NS in a WT Salmonella strain can be analyzed by using an H-NS mutant that does not have binding activity but still forms heterodimers with WT monomers and thus acts as a dominant negative mutant (21, 50) . By using this strategy, we previously demonstrated that HilD is required for the expression of SsrB in the presence of H-NS but not when it is inactivated (21) . Additionally, we have shown that H-NS binds to a DNA fragment spanning the region from Ϫ302 to ϩ478 of ssrAB (21) . To determine if the Ϫ302/ϩ478 region contains all the cis elements required for the H-NS-mediated repression of ssrAB, we analyzed the expression of the ssrB-catϪ302/ ϩ478 fusion in the WT strain and its derivative ⌬hilD mutant containing the plasmid pT6-HNS-WT or pT6-HNS-Q92am, which expresses WT H-NS or a C-terminally truncated H-NS derivative corresponding to the N-terminal dimerization domain (H-NS Q92am ), respectively, from an arabinose-inducible promoter. The strains containing the respective plasmids were grown in LB medium at 37°C in the presence or absence of 0.1% arabinose, which induces the expression of the WT and mutant H-NS proteins. As shown in Fig. 2 , induction of the dominant negative H-NS Q92am domain, but not of WT H-NS, restored the expression of the ssrB-catϪ302/ϩ478 fusion in the ⌬hilD mutant. This indicates that the Ϫ302/ϩ478 region contains the cis elements necessary for the repression of ssrAB by H-NS.
To further localize the regulatory sequences required for the repression of ssrAB by H-NS, we analyzed the effect of dominant negative H-NS Q92am on the expression of the different ssrAB-cat fusions in the absence of HilD. Induction of H-NS Q92am derepressed the ssrAB-catϪ302/ϩ478, ssrAB-catϪ208, ssrAB-catϪ106, and ssrAB-catϪ55 fusions in the ⌬hilD mutant to levels similar to those shown in the WT strain (Fig. 3A and 4A) . Notably, this phenomenon was seen even for the ssrAB-catϪ55 fusion, which showed expression levels under all conditions tested that were lower than those shown by the ssrAB-catϪ302/ϩ478, ssrABcatϪ208, and ssrAB-catϪ106 fusions (Fig. 3A and C and 4A) . Thus, these results indicate that the sequence upstream of position Ϫ55 is not required for the H-NS-mediated repression of ssrAB.
The expression analysis of the ssrAB-catϩ336, ssrAB-catϩ240, ssrAB-catϩ119, ssrAB-catϩ69, and ssrAB-catϩ10 fusions in the ⌬hilD mutant revealed that consecutive deletions of the ϩ240/
FIG 3 Analysis of the cis-acting sequences required for the HilD-mediated regulation of ssrAB. Expression of the ssrAB-catϪ302/ϩ478, ssrAB-catϪ208,
ssrAB-catϪ106, ssrAB-catϪ55, ssrAB-catϩ336, ssrAB-catϩ240, ssrAB-catϩ119, ssrAB-catϩ69, and ssrAB-catϩ10 transcriptional fusions contained in plasmids pssrAB-catϪ302/ϩ478, pssrAB-catϪ208, pssrAB-catϪ106, pssrAB-catϪ55, pssrAB-catϩ336, pssrAB-catϩ240, pssrAB-catϩ119, pssrAB-catϩ69, and pssrABcatϩ10, respectively, was tested in the WT S. Typhimurium strain and its isogenic ⌬hilD mutant. CAT-specific activity was determined from samples collected from bacterial cultures grown in LB medium (A and B) or N-MM (C and D) at 37°C for 10 h or 16 h, respectively. The data are the averages of results from three independent experiments performed in duplicate. Bars represent the standard deviations.
ϩ336 and ϩ119/ϩ240 regions result in an evident gradual increase in the expression of ssrAB (Fig. 3B and 4B ). Moreover, induction of H-NS Q92am derepressed the ssrAB-catϩ336 and ssrAB-catϩ240 fusions in the ⌬hilD mutant to levels similar to those shown in the WT strain ( Fig. 3B and 4B ) but did not affect the expression of ssrAB-catϩ119, ssrAB-catϩ69, and ssrABcatϩ10 fusions (Fig. 4B ), which indicates that when H-NS is inactivated, the ϩ119/ϩ336 region is not able to mediate repression of ssrAB. In contrast, even in the presence of H-NS Q92am , the ssrAB-catϩ336 fusion showed a level of expression higher than that reached by the ssrAB-catϪ302/ϩ478 fusion ( Fig. 4A and B) , indicating that the ϩ336/ϩ478 region mediates H-NS-independent repression of ssrAB.
Together, these results demonstrate that the region between positions ϩ119 and ϩ336 contains multiple cis elements required for the H-NS-mediated repression of ssrAB. In addition, they show that in the absence of these negative cis elements, or when H-NS is inactivated, the expression of ssrAB becomes independent of HilD, further supporting the role of HilD as an antagonist of H-NS-mediated repression of ssrAB.
Binding sites for HilD and H-NS are located close to each
other in ssrAB. Our data from the expression analysis showed that HilD and H-NS regulate the expression of ssrAB mainly by acting on the Ϫ55/ϩ240 and ϩ119/ϩ336 regions, respectively. To further dissect the cis sequences required for the HilD/H-NS-mediated regulation of ssrAB, we analyzed the interaction of HilD and H-NS to different segments of the Ϫ302/ϩ478 region by electrophoretic mobility shift assays (EMSAs). Purified MBP-HilD (maltose-binding protein-HilD) and H-NS-FH (H-NS-FLAGHis 6 ) proteins were used to perform nonradioactive EMSAs with five ϳ200-bp DNA fragments (termed 1A to 1E), which overlap each other by ϳ50 bp at their ends and thus all together span the Ϫ302/ϩ478 region (Fig. 5A) . As a negative control in these binding assays, we used a fragment containing the regulatory region of sigD, a gene that is not directly regulated by HilD or H-NS (21) . As shown in Fig. 5B , both the MBP-HilD and H-NS-FH proteins shifted specifically DNA fragments 1B, 1C, and 1D but did not shift DNA fragments 1A and 1E or the negative control, sigD. Considering the positions of the overlapping ends of these DNA fragments, these results indicate that HilD and H-NS bind to the region spanning positions Ϫ111 to ϩ287 of ssrAB (Fig. 5A) . To determine the specific sites bound by HilD in this region, we performed DNase I protection assays; however, we were unable to obtain specific protected sites in these assays. Instead, HilD protection extended through the entire Ϫ111/ϩ287 region (data not shown). Despite this, since MBP-HilD and H-NS-FH bound DNA fragments 1B and 1D, which do not overlap, our results indicate that both HilD and H-NS bind to at least two different sites, located in the regions spanning positions Ϫ111 to ϩ37 and ϩ136 to ϩ287 (Fig. 5A) .
HilD displaces H-NS from ssrAB. Our results from EMSAs suggested that HilD and H-NS bind to sites located close to each other in ssrAB. Therefore, HilD may antagonize the repressor activity of H-NS by affecting its interaction with ssrAB. To investigate this possibility, we performed competitive EMSAs to examine the effect of HilD on H-NS bound to the Ϫ302/ϩ478 region of ssrAB. A DNA fragment spanning this region was first incubated with H-NS, and then increasing amounts of HilD were added. The DNA-H-NS complexes and the DNA-HilD complexes were detected by staining the DNA fragments, as well as by immunoblotting with anti-FLAG antibodies for H-NS-FH and with anti-MBP antibodies for MBP-HilD. As shown in Fig. 6A , increasing amounts of MBP-HilD shifted the DNA-H-NS complex to a slower-migrating complex similar to that formed by MBP-HilD; furthermore, the Western blots indicated that increasing amounts of the DNA-HilD complexes correlate with decreasing amounts of H-NS-FH bound to the DNA fragments. Similar assays were performed by first incubating the ssrAB fragment with MBP-HilD and then adding to the reaction mixture increasing amounts of H-NS-FH, which showed that H-NS is not able to shift the DNAHilD complexes or to affect the amounts of MBP-HilD bound to the DNA fragments (Fig. 6B) . Interestingly, small amounts of H-NS were detected in the DNA-HilD complexes generated by incubating first with H-NS-FH and then with MBP-HilD (Fig. 6A) , as well as in those generated by incubating first with MBP-HilD and then with H-NS-FH (Fig. 6B) , which may indicate that HilD displaces H-NS from most, but not all, of its binding sites in ssrAB.
Together, our data demonstrate that HilD effectively displaces H-NS bound to those sites that mediate the repression of ssrAB.
FIG 4 Analysis of the cis-acting sequences required for the H-NS-mediated
repression of ssrAB. Expression of the ssrAB-catϪ302/ϩ478, ssrAB-catϪ208, ssrAB-catϪ106, ssrAB-catϪ55, ssrAB-catϩ336, ssrAB-catϩ240, ssrABcatϩ119, ssrAB-catϩ69, and ssrAB-catϩ10 transcriptional fusions contained in plasmids pssrAB-catϪ302/ϩ478, pssrAB-catϪ208, pssrAB-catϪ106, pssrAB-catϪ55, pssrAB-catϩ336, pssrAB-catϩ240, pssrAB-catϩ119, pssrAB-catϩ69, and pssrAB-catϩ10, respectively, was tested in the S. Typhimurium ⌬hilD mutant containing the plasmid pT6-HNS-Q92am, which expresses a dominant negative C-terminally truncated form of H-NS (H-NS Q92am ) from an arabinose-inducible promoter. (A and B) Results for the 5=-and 3=-deletion fusions, respectively. CAT-specific activity was determined from samples collected from bacterial cultures grown for 10 h in LB medium at 37°C. Expression of H-NS Q92am from pT6-HNS-Q92am was induced by adding 0.1% L-arabinose to the medium (ϩ arabinose). The data are the averages of results from three independent experiments performed in duplicate. Bars represent the standard deviations.
DISCUSSION
In this study, we elucidated the mechanism by which HilD and H-NS regulate the expression of ssrAB and thus the SPI-2 genes (Fig. 7) .
Our expression analysis revealed the presence of negative regulatory sequences located downstream of the promoter of ssrAB ( Fig. 3 and 4) . In the absence of the ϩ119/ϩ336 region, the expression of ssrAB was no longer repressed by H-NS (Fig. 4) , whereas deletion of the sequence upstream of the position Ϫ55 did not affect the H-NS-mediated repression of ssrAB ( Fig. 3 and 4). Furthermore, we showed that H-NS binds to the region spanning positions Ϫ111 to ϩ287 of ssrAB (Fig. 5) . Taken together, these results indicate that H-NS represses the expression of ssrAB by acting on the Ϫ55/ϩ287 region. This region has a very high AT content (69.3%) with respect to that of the entire S. Typhimurium genome (47.8%), consistent with the fact that H-NS binds to and acts on AT-rich sequences (42, 43) . H-NS represses gene expression by forming nucleoprotein complexes, which trap or exclude the RNA polymerase at or from promoters, mainly by two mechanisms (45, 46, (54) (55) (56) (57) . By the first mechanism, H-NS binds to two sites located further apart, upstream and downstream of the promoter, and then induces a DNA-H-NS-DNA bridge that forms a repressor nucleoprotein stem-loop. By the second mechanism, H-NS initially binds to one or more high-affinity sites that are close together, termed nucleation sites, which leads to its interaction with lower-affinity sites and thus to its polymerization along DNA, to form a repressor nucleoprotein filament.
Our results showed that the sequence upstream of position Ϫ55 is not required for the H-NS-mediated repression of ssrAB ( Fig. 3 and 4) but that consecutive deletion of the ϩ240/ϩ336 and ϩ119/ϩ240 regions results in a gradual release of the H-NS-mediated repression of ssrAB (Fig. 4) . Furthermore, our EMSAs revealed that H-NS binds to at least two different sites along the Ϫ111/ϩ287 region of ssrAB (Fig. 5) . Taken together, these results favor the model in which H-NS represses the expression of ssrAB initially by binding to two nucleation sites and then by forming a nucleoprotein filament on the promoter (Fig. 7) .
Our results revealed that deletion of the ϩ336/ϩ478 region increases around 6-fold the expression of ssrAB, which is evident when Salmonella is grown either in LB medium (Fig. 3A and B ) or in N-MM (Fig. 3C and D) and even when H-NS is inactivated ( Fig.  4A and B) . Thus, these results indicate that the ϩ336/ϩ478 region mediates H-NS-independent repression of ssrAB. There are no reports indicating the action of any trans or cis factor on this region. Furthermore, preliminary bioinformatics analyses of this region showed no obvious putative binding sites for any transcriptional repressor of a known binding consensus sequence or a sequence forming an intrinsic transcriptional terminator. Therefore, how the ϩ336/ϩ478 region negatively affects the expression of ssrAB remains to be determined.
Several DNA-binding proteins have been shown to relieve the transcriptional-silencing activity of H-NS in different bacteria (47) . These proteins are able to displace or remodel the H-NS nucleoprotein complexes by binding to sites overlapping or close to those nucleation sites for H-NS, which might arise simply as a result of the DNA-distorting effect exerted by most transcriptional factors at their DNA-binding sites and the relatively weak DNAbinding activity of H-NS (45-47, 54, 55, 58) . Interestingly, most of the AraC-like regulators that control virulence gene expression, such as HilD, ToxT, VirF, CfaD, RegA, and Rns, act as H-NS antagonists, and consistently, they bind to AT-rich sites (47, 59) .
Our results indicate that the Ϫ55/ϩ240 region contains the cis elements required for positive HilD-mediated regulation of ssrAB (Fig. 3) . In addition, we found that when the activity of H-NS is inactivated ( Fig. 2 and 4) or when the ϩ119/ϩ336 region is deleted ( Fig. 3 and 4) , full expression of ssrAB becomes independent of HilD. In agreement with these results, we previously showed that full expression of the chromosomally encoded SsrA and SsrB proteins requires HilD in the presence of H-NS but not when it is inactivated (21) . Furthermore, in the present study, we determined that HilD binds to at least two different sites located in the same region bound by H-NS, Ϫ111 and ϩ287 (Fig. 5) . Moreover, by competitive EMSAs we demonstrated that HilD is able to displace H-NS from ssrAB, whereas H-NS does not affect HilD binding to ssrAB (Fig. 6) . Interestingly, our results suggest that HilD displaces H-NS from most, but not all, of its binding sites in ssrAB (Fig. 6) , which is consistent with our genetic and binding results indicating the presence of several H-NS binding sites in ssrAB. Thus, some of these H-NS binding sites may be unproductive for the repression of ssrAB, or another regulator may act along with HilD to counteract a double mechanism of H-NS-mediated repression of ssrAB.
All together, these results indicate that HilD induces the expression of ssrAB by displacing the H-NS nucleoprotein complex from the promoter of this operon (Fig. 7) .
HilD directly regulates at least 11 other genes; however, evidence that HilD acts as an antagonist of H-NS exists only for hilA and rtsA (23, 24, 26-31, 48, 49, 60) . How HilD counteracts the H-NS-mediated repression of hilA and rtsA and whether HilD acts as an antagonist of H-NS with its other target genes remain to be determined.
HilD-binding sites have been determined upstream of the promoters of hilA, hilC, hilD, rtsA, and flhDC; these sites present a high AT content and show a high degree of degeneracy between them (24, 26, 27, 31) . However, HilD regulates invF by binding to regions located both upstream and downstream of the HilC/Ddependent invF promoter (28, 60) . Furthermore, our results indicate that HilD induces the expression of ssrAB by binding to at least two different AT-rich regions: one located on or close to the promoter and the other located far downstream ( Fig. 3 and 5 ). These data indicate that HilD can act at different positions with respect to the promoters, which is consistent with its role as an antagonist of H-NS.
The high degree of degeneracy between the known HilD-binding sites makes it difficult to predict the specific binding sites of HilD in the Ϫ111/ϩ287 region of ssrAB. However, at least 10 copies of the CnaTTnnT motif (predominant, conserved, and degenerate bases are indicated by uppercase and lowercase letters and the letter n, respectively), somewhat conserved in two different HilD-binding consensus sequences previously reported (27, 31) , can be found in this region (data not shown). Site-directed mutagenesis of this predicted motif in the Ϫ111/ϩ287 region may help to better define the binding sites of HilD in ssrAB.
HilD, HilC, and RtsA are homologous AraC-like regulators that bind to very similar DNA sites; therefore, when these regulators are overexpressed, they are able to self-activate their own expression and to activate the expression of one another, as well as to induce the expression of most genes belonging to the HilD regulon; however, HilD is considered to be dominant, as deletion of hilD, but not of hilC or rtsA, drastically reduces the expression of the targets of HilD (23, 24, (26) (27) (28) (29) (30) (61) (62) (63) (64) . Our results indicate that the expression of ssrAB is not affected in a ⌬hilC (21) or ⌬rtsA mutant, but a plasmid expressing HilC can restore the expression of ssrAB in the ⌬hilD mutant (unpublished data). Thus, it is possible that the feed forward loop constituted by HilD, HilC, and RtsA can regulate the expression of ssrAB.
Previously, we showed that OmpR (the response regulator of the OmpR/EnvZ two-component system), in addition to HilD, is required for the expression of SsrA/B when Salmonella is grown in LB medium; moreover, OmpR is required for the expression of SsrA/B even when H-NS is inactivated (21) . Therefore, the expression of ssrAB seems to require the coordinated actions of HilD, which antagonizes repression by H-NS, and OmpR, which probably mediates the interaction of the RNA polymerase with the promoter of this operon. The S. Typhimurium ugtL and pagC genes are regulated by a similar mechanism, involving the coordinated actions of SlyA, which antagonizes H-NS-mediated repression of these genes, and PhoP (the response regulator of the PhoP/ PhoQ two-component system), which acts as a conventional transcriptional activator (65) .
Our data from this study show that the sequence between positions Ϫ106 and Ϫ55 has a positive regulatory role for the expression of ssrAB, but this sequence was not required for the HilD-and H-NS-mediated regulation of this operon ( Fig. 3 and 4) . Since OmpR binds to the Ϫ83/ϩ6 region (32, 33) , it is possible that the sequence spanning positions Ϫ106 to Ϫ55 is involved in the positive regulation of ssrAB by OmpR.
Interestingly, HilD is required for the expression of ssrAB when Salmonella is grown in LB medium but not when it is grown in minimal media, such as N-MM (Fig. 3) (21) . In minimal media, OmpR, PhoP, SsrB, and SlyA have been involved in the expression of ssrAB (32) (33) (34) (35) (36) (37) (38) . It is known that SlyA induces gene expression mainly by acting as an antagonist of H-NS (47) . Therefore, SlyA might replace HilD to counteract H-NS-mediated repression of ssrAB when Salmonella is grown in minimal media. To determine how HilD, OmpR, and SlyA coordinate to regulate the expression of ssrAB in response to different growth conditions is a matter of our current and future studies.
The results from this study further expand the current knowledge about the mechanisms regulating the expression of the SPI-2 genes, which have an essential role in Salmonella virulence.
